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In some patients, M. tuberculosis strains are composed of a mixture of susceptible and resistant subpopulations isolated from clinical specimens, so-called heteroresistant strains (14) . Heteroresistance is considered a preliminary stage to full resistance and provides bacteria with an opportunity to explore the possibility of growth in the presence of antibiotics (12) . This phenomenon is not rare in M. tuberculosis and has been identified in strains with resistance to isoniazid, rifampin, ethambutol (EMB), and streptomycin (1, 3, 9) . The clinical significance of heteroresistance is unclear, but it is still an obstacle to both molecular drug resistance testing and successful therapy (7) .
Fluoroquinolone (FQ) is an important antituberculosis drug, especially for MDR-TB patients. In the new classification of anti-TB drugs proposed by the World Health Organization, FQ is categorized in the third of five groups of anti-TB drugs based on efficacy. FQ is also a major component in regimens for the treatment of MDR-TB (20) . However, the occurrence of FQ resistance is usually high among patients with MDR-TB; for example, it has been observed in 25 to 48% of MDR-TB cases in certain regions of China (6, 21) . While heteroresistance to FQ has been observed occasionally by the molecular detection of FQ-resistant isolates in previous studies (2, 4) , a more systemic analysis is needed.
To estimate the occurrence of this phenomenon in China, the frequency and composition of heteroresistant isolates in 235 clinical isolates were analyzed. These 235 isolates were obtained from patients with pulmonary tuberculosis in Beijing, China, between 2008 and 2010. These isolates showed phenotypic FQ resistance and resistance to other major anti-TB drugs, including both firstline and second-line drugs. Drug testing was performed on Lowenstein-Jensen (LJ) medium by the absolute concentration method (11) . FQ resistance was identified by isolates growing on LJ slants with 5 g/ml ofloxacin and 2 g/ml levofloxacin. The higher criteria of FQ resistance applied in this study limited the range of FQ-resistant isolates caused mainly by mutation of the drug-resistant gene rather than the efflux pump effect, which leads to low-level drug resistance (17) .
Resistance to FQ typically results from mutations in the gyrA and gyrB DNA gyrase genes. The predominant mutations observed in clinical isolates occurred on codons 90, 91, and 94, which are located in the quinolone resistance-determining region (QRDR) of gyrA (5, 8, 10, 15) . Thus, genotypic FQ resistance testing was performed by QRDR sequence analysis of gyrA in this study. Primary cultures of each isolate were collected from Lowenstein-Jensen slants. The extraction of genomic DNA and detection of mutations responsible for resistance to FQ were performed by PCR amplification and sequencing of the gyrA gene as previously described (18) .
In addition to the 58 isolates identified as wild-type QRDR, the majority (75.3% [177/235]) contained a mutant QRDR type. There were 123 isolates with a clear analysis pattern (regarded as homoresistant) with a single mutation occurring on codon 88, 90, 91, or 94 of gyrA. The first three predominant mutant genotypes (i.e., D94G, A90V, and D94N) were detected from 43.9% (54/ 123), 28.5% (35/123), and 9.0% (11/123) of the isolates, respectively. The remaining 54 isolates (23%) (n ϭ 235) were suspected to be heteroresistant isolates, as sequencing revealed a mixture of multiple QRDR-type strains. All detected isolates carried the S95T polymorphism, which is not thought to be involved in FQ resistance.
The QRDR region of suspected heteroresistant isolates was amplified and cloned into the pGEM-T Easy system (Promega, Madison, WI), and the templates were sequenced using T7 and SP6 commercial primers. QRDR genotypes from 12 clones of each isolate were analyzed in parallel. For those isolates containing more than two QRDR genotypes in gyrA, further verification was performed by QRDR genotype analysis of 30 single clones of each isolate. These single clones were acquired from subcultures of each isolate on Lowenstein-Jensen slants, and the compositions of QRDR genotypes from these isolates were determined by sequencing analysis.
These 54 isolates were demonstrated to be heteroresistant to FQ and divided into two groups based on the different genotypes within each isolate. One group of isolates (28 isolates) was composed of wild-type and mutant QRDR-type subpopulations (group I), of which 21 isolates possessed strains with both wildtype and mutant QRDR genotypes. Additionally, six isolates contained wild-type and two mutant QRDR genotypes with different missense mutations on codon 94. Only one isolate was found to be a mixture of wild-type and three mutant QRDR genotypes. Group II contained 26 isolates with a mixture of different QRDR types, of which 20 isolates were found to contain two mutant QRDR genotypes. A mixture of three or more mutant genotypes occurred in the remaining isolates.
Among these heteroresistant isolates, substitutions in codons 90 and 94 were the predominant mutations related to FQ resistance. D94G, D94N, and A90V were the three most prevalent mutant genotypes, but their frequencies were inconsistent with those in homoresistant isolates. D94G emerged with the highest frequency among the three groups of isolates: group I, group II, and homoresistant isolates. However, the prevalent mutant genotypes among these groups (D94G D94Y D94N, D94N D94G A90V, and D94G A90V D94N, respectively) were slightly different. It was noticed that A90V emerged occasionally in group I, as detected in the three isolates (Table 1) . However, A90V became prevalent between both group II and the homoresistant group. Changes in these predominant mutants reflect the development of drug resistance in the course of TB treatment with FQ.
Here, heteroresistant isolates were obtained from patients who had received anti-TB treatment with regimens including FQ (levofloxacin or gatifloxacin). These cases were treatment failure or relapse after initial treatment with the standardized regimen of the DOTS strategy (DOTS stands for directly observed treatment, short course). FQ was used as a major component of multidrug regimens in the subsequent treatment of these cases, in combination with a first-line drug (e.g., INH, RIF, EMB, and pyrazinamide [PZA]) and an aminoglycoside or polypeptide (e.g., kanamycin
[KAN], amikacin [AMI], and capreomycin [CAP]). Among the cases (74.4% [40/54]) treated with FQ over a short, 3-to 6-month period, the proportions of group I and group II isolates were 70.2% and 29.8%, respectively. Meanwhile, for the cases treated with FQ for several phases and for a total duration of up to 2 years or continuously treated with an FQ-containing regimen for more than 1 year, the proportions of group I and group II isolates changed and were 34.4% and 65.6%, respectively. Due to selection pressures from FQ, resistant derivatives became dominant after coexisting with the susceptible strain (wild type) for a period of time, which was designated the heteroresistance stage.
The occurrence of heteroresistance in M. tuberculosis is related to two different mechanisms: superinfection with two different strains and the segregation of a single strain. These mechanisms are related to transmission of drug-resistant strains in the region with a high incidence of TB as well as inadequate TB therapy (7). The mycobacterial interspersed repetitive-unit-variable-number tandem-repeat typing method helps distinguish between these two situations among clinical isolates. Thus, molecular genotyping was performed with 24 mycobacterial interspersed repetitiveunit loci as described previously (16) . Apart from the 10 isolates that were found to contain multiple strains, the majority of heteroresistant isolates (81.5% [44/54]) were infected with one strain containing a single variable number of tandem-repeat genotype (Table 1 ). This finding means that the mixture of different QRDR genotype strains is due to the segregation of a single strain. Over one-half of the isolates were categorized as group II with 88.5% of isolates with the majority (73.9% [17/23] ) from MDR-TB patients (Fig. 1) . Among the group I isolates, 42.9% (9/21) containing a single strain were from MDR-TB patients. In one respect, group I displayed early drug resistance, and group II isolates were determined to be in an intermediate stage to full drug resistance. FQ resistance is reported in patients with a high rate of MDR-TB, and detection of FQ heteroresistance in clinical isolates would be helpful to analyze the cause of drug resistance development and decrease the emergence of XDR-TB.
The rate of heteroresistance is related to the level of TB prevalence in certain regions. Commonly, heteroresistance in M. tuberculosis is detected in 9 to 20% of clinical isolates (2, 14) . It has been detected in 25.8% of clinical specimens with resistance to isoniazid and rifampin in Samara, Russian Federation, where a high incidence of TB can be found (13) . Of clinical isolates found to be heteroresistant to FQ in Vietnam, 31.2% contained Beijing family strains, which display high levels of FQ resistance in TB patients (4) . Our data showed that heteroresistance emerged in 23% of isolates, with the majority due to infection with a single strain. In addition, the high frequency of heteroresistance that occurred in those MDR-TB isolates revealed the improper use of FQ leading to drug resistance and would also increase the possibility of XDR-TB occurrence. The rate that was found in this study is detecting only mutations in gyrA, and the actual rate would be slightly higher if it also detected mutations in gyrB. As drug resistance-related mutation in gyrB is seldom observed in clinical isolates, heteroresistance to it is not detected in this paper.
FQ is used for many bacterial infections, and empirical treatments and inadequate therapies for TB are popular in China. The accurate detection of drug-resistant strains and evaluation of treatment quality are urgently required to decrease the emergence of drug-resistant strains. This paper presents the first time the diversity of subpopulations of FQ-resistant strains simultaneously presented in the same patient was analyzed. Heteroresistant isolates with a mixture of various genotypes reflected different stages of resistance development in the course of treatment. Identification of this phenomenon in patients would provide a reference for estimating the treatment quality with a particular regimen. Thus, further detection of heteroresistance in clinical isolates, especially among MDR-TB patients, would provide valuable information about the molecular characterization of M. tuberculosis for guid- ing TB treatment and controlling the development of drug resistance.
